The 2004 Mid Niigata Prefecture Earthquake (Mj 6.8) occurred on 23 October 2004 in the northeastern part of the Niigata-Kobe Tectonic Zone where large contraction rates were observed. The mainshock was followed by an anomalously intense aftershock activity that included nine Mj 5.5 aftershocks.
Introduction
The 2004 Mid Niigata Prefecture Earthquake occurred on 23 October 2004 with the Japan Meteorological Agency (JMA) magnitude (Mj) of 6.8 (Fig. 1) . The maximum intensity of VII in JMA scale and the maximum acceleration of 1,722 gal were observed at Kawaguchi Town which is located in the vicinity of the epicenter of the mainshock (Japan Meteorological agency, 2004) . This earthquake killed 40 people and injured more than 4,600 people. It severely destroyed 5,000 houses and partially 100,000 houses. The 2004 Mid Niigata Prefecture Earthquake occurred in the Niigata-Kobe Tectonic Zone in which large strain rates ( 0.1 ppm/y contraction) were found from GPS data analyses (Sagiya et al., 2000) .
Many large earthquakes occurred along this tectonic zone such as the 1964 Niigata Earthquake (Mj 7.5), the 1847 Zenkoji Earthquake (M 7.4), the 1828 Echigo-Sanjo Earthquake (M 6.9) in the neighboring areas of the 2004 earthquake (Sagiya et al., 2000) .
We deployed three temporary online seismic stations just above the aftershock area in order to constrain focal depths and mechanisms of aftershocks. We combined data from the temporary stations and from permanent stations around the aftershock area, and relocated aftershocks with a joint hypocenter determination (JHD) technique. The purposes of this study are to discuss the source process of the earthquake with the improved aftershock distribution and to clarify the relation between the feature that many larger aftershocks occurred and the fact that the earthquake occurred in the Niigata-Kobe Tectonic Zone.
Data and method
The distribution of 60 stations used in this study is shown in Fig. 1 . DP.TDOM, DP.OJKW and DP.YMKS are the temporary stations at which three components of short period (1 s) velocity-type seismometers were installed and the waveform data digitized at the rate of 100 Hz were sent through satellite telemetry systems. We started the operations at DP.TDOM and DP.OJKW on 27 October. The dynamic range of the A/D converters in the data logger used in both the stations was 20 bits. We could use AC power at DP.TDOM, however, we had to use a portable-type generator at DP.OJKW. The observation at DP.YMKS was started on 29 October. The dynamic range of the system was 24 bits.
We used more than 15 car butteries to operate the system because no AC power was available and all people had already evacuated their home town. The others are the permanent online stations operated by National Research Institute for Earth Science and Disaster Prevention (NIED), JMA and University of Tokyo. The waveform data from the permanent stations were also sent to our institute. Both of the data were combined on our monitoring system. We picked P-and S-arrival times, P polarities and the maximum amplitudes on the three component waveforms. The accuracies of the arrival times were typically estimated at 0.01 -0.04 s for P and 0.02 -0.08 s for S. We also utilized P-and S-arrival times from the JMA preliminary catalog.
We selected 1,579 events with the following criteria: (1) the numbers of both P-and S-arrival times were greater than or equal to 10, (2) the magnitude was greater than or equal to 1.7, and (3) the period was from 29 October to 31 December in 2004 during which data from the three temporary stations were available. We determined simultaneously the hypocentral parameters, 1-D velocity models of P-and S-waves and the travel time corrections of P-and S-waves for the 60 stations using a JHD technique (Kissling et al., 1994) . In this technique, a positive (negative) station correction means a positive (negative) travel time residual indicating that an observed travel time is larger (smaller) than a theoretical one in an average sense. The weight of the S time was Õ ½ ½ ¿ ( 0.76) of that of the P time.
Then we applied a single-event location procedure with the station corrections and the 1-D Vp and
Vs models and determined 7,257 events which were selected with the following criteria: (1) the number of the P arrival times was greater than or equal to 10, (2) the magnitude was greater than or equal to 0.0, and (3) the period was from 23 October to 31 December in 2004.
Results

JHD relocation
After the JHD procedure the root mean square ( 
Single-event relocation
We looked at the distribution of the standard errors of the hypocenters and found that the errors were smaller than 0.31 km in EW, 0.27 km in NS and 0.83 km in Z for more than 90 % of the 7,257 relocated events. Figure 4 shows the distribution of the selected aftershocks with the condition that the errors in all the EW, NS and Z directions are smaller than 1.0 km. 93 % of the relocated events were selected.
The aftershocks distribute beneath Higashiyama and Uonuma Hill Zones, and extend for 40 km in the direction of N30 AE E -S30 AE W. Major events are listed in Table 1 
Discussions
The station corrections obtained from the JHD relocation shows large positive travel time residuals in the Niigata Basin and negative residuals in the Echigo Mountains. The Niigata Basin and the Higashiyama and Uonuma Hill Zones are located in the northern Fossa Magna, which was formed by the subsidence under the extension tectonics during the Japan Sea opening (16 -13.5 Ma). Thick marine sediments up to 7 km were deposited in this sequence (Takano, 2002) . These low velocity materials can cause the large positive travel time residuals.
Our JHD relocation in which the large differences in the travel time residuals between the Niigata Basin and the Echigo Mountains were taken into account shifted the hypocenters 3 km to the westnorthwest from the corresponding JMA hypocenters. This feature was consistent with the source models derived from crustal movement data from leveling and GPS observations (Geographical Survey Institute, 2004) and with those derived from crustal deformation detected using SAR interferometry (Ozawa et al., 2005) . This supports that the JHD relocation could improve the absolute locations of the hypocenters.
The mainshock fault plane estimated by the aftershock distribution (the translucent red thick line in Fig. 5e ) intersects the surface near the Suwatoge Flexure, while the fault plane of the largest aftershock (#5) (the translucent blue thick line in Fig. 5d ) cuts the surface near the Muikamachi Fault (Fig. 4a) . The Suwatoge Flexure and the Muikamachi Fault have moved as reverse type faults dipping northwestward (Kim, 2004) . Ground deformations such as horizontal shortenings, landslides and fissures were convergently observed near the faults (Kim and Okada, 2005) . Therefore, the mainshock (#1) and the largest aftershock (#5) were probably caused by dislocations of parts of the Suwatoge Flexure and the Muikamachi Fault, respectively. Hirata et al. (2005) determined hypocenters of 600 aftershocks by using data from their rapidly deployed array of 14 stations. Kato et al. (2005) applied a double-difference tomography to a combined dataset of the same data as Hirata et al. (2005) used and data from 28 permanent stations, and obtained hypocenters of 700 aftershocks and 3-D velocity models for the P-and S-waves. They identified three major source faults. The source faults of the mainshock and the largest aftershock were parallel, steep west-dipping faults located 5 km apart. The source fault of the major aftershock on 27 October was perpendicular to the west-dipping faults. These features are consistent with our results mentioned in the section 3.2.
A tectonic inversion from a tensional to a compressional stress field took place at 7 or 6 Ma (Takeuchi, 1977) . Then the compressional stress became intense from 1 Ma (Takano, 2002) , which formed the Higashiyama and Uonuma Hill Zones by folding the relatively soft marine sediments. It also formed complicated reverse faults in this region, some of which were activated and caused the sequence of the 2004 Mid Niigata Prefecture Earthquake as shown in Fig. 5 . In addition, the source area is located in the Niigata-Kobe Tectonic Zone with large contraction rates and had accumulated enough strain energy.
These features are probably a main cause that many large aftershocks occurred in the sequence.
Conclusions
In order to obtain the detailed aftershock distribution of the 2004 Mid Niigata Prefecture Earthquake, we relocated the hypocenters with the JHD technique using the P-and S-arrival times from the three temporary online stations and the 57 permanent stations in and around the source area.
We found the large differences in the travel time residuals between the Niigata Basin (positive) and the Echigo Mountains (negative), which caused biases ( 3 km in the east-southeast and 3km downwards) in the original JMA hypocenters. Our relocated hypocenters were considered to be improved in absolute accuracy.
The obtained aftershock distribution showed that at least the mainshock, the largest aftershock and the aftershock on 27 October were generated by the different fault planes which were nearly parallel or perpendicular to each other. This must be one of the causes that the aftershock activity contained many larger events. Fig. 1 . Map showing the location of the stations (cross with square: temporary online, cross: permanent online) used in this study. Gray dots denote the aftershocks to be relocated in this study. The dashed lines indicate the borders of prefectures. In the inset map the target area is shown by the dark gray rectangle with respect to greater parts of Japan Islands. Table 1 . The size of the major events are a little bit emphasized. Table 1 . 
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